In the present study, we transplanted E13.5 spinal cord-derived neural progenitor cells (NPCs) into the acutely avulsed ventral horn of adult rats. The results showed that NPCs survived and integrated nicely within the host ventral horn at 6 weeks post-grafting. Although the majority of grafted NPCs differentiated into astrocytes and only a small proportion into neuronal cells, interestingly, grafted NPCs in the avulsed ventral horn significantly enhanced the survival of injured motoneurons and promoted their regeneration into a peripheral nerve (PN) graft, as revealed by retrograde FluoroGold (FG) labeling. Specific ELISAs, Western blotting, and quantitative real-time reverse transcriptase polymerase chain reaction (RT-PCR) demonstrated that NPCs produced nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and glial cell line-derived neutrophilic factor (GDNF), both in vitro and after transplantation in vivo. These results indicate that NPCs have beneficial effects on the survival and axonal regeneration of avulsion-injured motoneurons after transplantation. Such beneficial effects are possibly due to their inherent ability to secrete various trophic factors after transplantation in vivo.
Introduction

R
oot avulsion is frequently found in patients with brachial plexus injury (Bae et al., 2003; Dunham, 2003; ElGammal and Fathi, 2002; Narakas, 1987; Terzis et al., 1999) , resulting in permanent paralysis of the muscles innervated by the avulsed roots and sensory loss in the corresponding dermatomes (Hallin et al., 1999) . During the past decade, various attempts, including pharmaceutical applications and microsurgical interventions, have been made to rescue injured motoneurons from degeneration and restore peripheral motor innervation (Carlstedt, 1993; Cullheim et al., 1989; Gu et al., 2004; Hoffmann et al., 1996; Kishino et al., 1997; Stichel and Muller, 1998; Watabe et al., 2000) . However, the functional outcomes and long-term motoneuron survival associated with all these approaches are limited. Massive motoneuron loss due to injury, presence of inhibitory molecules in the injured spinal cord, and the lack of appropriate guidance molecules along the regenerating pathways are most likely associated with the poor functional recovery.
Many recent studies have suggested that neural progenitor cell (NPC)-based transplantation is a potential therapy for neurological disease, due to the ability of NPCs to integrate and differentiate in the environment of the mature central nervous system (CNS) (Bjorklund and Lindvall, 2000; Gage, 2000) . NPCs can be isolated from the mammalian CNS at all ages and have the capacity of self-renewal and generation of the differentiated progeny that constitute the mature nervous system, including neurons, astrocytes, and oliogodendrocytes (Reynolds and Weiss, 1992) . Accumulating evidence demonstrates that NPCs can replace damaged or dysfunctional neurons after transplantation into lesioned areas of the CNS (Enzmann et al., 2006; Fischer, 2000; Ogawa et al., 2002; Ourednik et al., 1999; Synder et al., 1997) . Besides their capacity to differentiate into neurons and glia after transplantation, NPCs have the potential to secrete neurotrophic factors that are supportive for ameliorating the hostile environment into which they are grafted (Yan et al., 2004) , beneficial to the survival of injured neurons , and favorable for host axonal growth after CNS injury (Lu et al., 2003) . Therefore, transplantation of NPCs into the ventral horn to replace lost motoneurons enhances the survival of injured motoneurons and promotes their regeneration, and thus may be a promising therapy to treat brachial plexus injury.
In the present study, we transplanted spinal cord-derived NPCs into the cervical ventral horn of adult rats immediately after root avulsion. Survival, integration, and differentiation, and effects on injured host motoneurons were investigated. Our results showed that grafted NPCs survived robustly and integrated nicely in the host ventral horn. Although grafted cells failed to generate region-specific motoneurons, they markedly increased the survival of the avulsion-injured motoneurons and significantly promoted host axonal regeneration with PN graft implantation. The results of this study provide evidence on the therapeutic potential of using NPC transplantation to treat brachial plexus injury.
Methods
All surgical interventions and subsequent care and treatment were approved by the Committee on the Use of Live Animals for Teaching and Research of the University of Hong Kong.
Cell isolation and culture
Under sterile conditions, spinal cords from E13.5 transgenic Sprague-Dawley (SD) rats expressing green fluorescent protein (GFP) in which GFP is expressed from the actin promoter (''green rat CZ-004'' SD TgN [act-GFP] OsbCZ-004) were dissected out and prepared for stem cell culture following procedures described elsewhere (Han et al., 2002; Reynolds and Weiss, 1992; Su et al., 2007) . Briefly, the spinal cord was separated from surrounding connective tissue. After peeling off the meninges, the cord was transferred into a 15-mL centrifuge tube containing culture medium (described below) and dissociated to a single-cell suspension by gentle mechanical trituration through a fire-polished Pasteur pipette. The dissociated cells were filtered through a cell strainer (BD Falcon, San Jose, CA) and plated onto poly-l-lysine= laminin-coated dishes. The culture medium consisted of DMEM-F12 (Gibco, NY), BSA (1 mg=mL; Sigma, St. Louis, MO), B27 (Invitrogen, Carlsbad, CA), N2 (Invitrogen), bFGF (20 ng=mL; Peprotech, NJ) and Invitrogen) . The cells were maintained in an incubator with a humidified atmosphere containing 5% CO 2 at 378C. The medium was changed every 2 days. At around 80% confluence, the cells were passaged at a ratio of 1:4-6 after initial plating. These subcultured cells were designated as ''first passage'' (P1). The first three passages of NPCs were used for the transplantation experiments.
To induce differentiation, dissociated cells in single cell suspension were plated onto cover slips coated with PLL= laminin (1:1 ratio) at a density of 10 4 =cm 2 on a 24-well plate. Growth factors were removed from the culture medium and 1% fetal bovine serum (FBS; Gibco) was added. The cultures were allowed to differentiate for up to 5 days.
Animal surgery, cell transplantation, and PN grafting Fifty-six adult female Sprague-Dawley rats (220-250 g) were anesthetized with an injection of ketamine (80 mg=kg) and xylazine (8 mg=kg). Brachial plexus injury was performed as described in our previous publications Yang et al., 2006; Zhou and Wu, 2006) . Briefly, the animals were placed in a supine position, and the right seventh and eighth cervical spinal nerves were avulsed by pulling them out with a pair of microhemostatic forceps. Avulsed animals were first divided into three groups in a random manner. The first group (n ¼ 32) was then subdivided into two groups that received either NPC transplantation (n ¼ 18) or neural basal (NB) medium injection as controls (n ¼ 14) immediately after root avulsion. Three animals in each group were used for Western blot studies. Another three animals in each group were used for real-time RT-PCR studies. The remaining animals in each group were used to investigate the migration and differentiation of grafted NPCs in the avulsed ventral horn and host motoneuron survival. The second group (n ¼ 8) received PN grafting only and were used to investigate the protective effects of the PN graft on the survival of host motoneurons. In the third group (n ¼ 16) all the animals first received PN grafting, then they were equally subdivided and immediately had cell transplantation or NB medium injection to investigate whether the grafted NPCs in the avulsed ventral horn could grow axons and promote host axonal regeneration into the PN graft. PN grafting was performed immediately after root avulsion, followed by cell transplantation. For PN implantation, an autologous saphenous nerve about 20 mm in length was harvested and implanted into the lateral funiculus between the avulsed C7 and C8 segment following the method described in our previous study (Wu et al., 1994a) . Following PN implantation, cell transplantation was performed. A glass micropipette (100 mm outer diameter) connected to a Hamilton syringe was stereotactically advanced into the avulsed ventral horn (medio-lateral: À0.8 mm; dorsoventral: À1.5 mm from the dura) at the adjacent area between the C7 and C8 spinal segments. NPCs from passages 1-3 were dissociated and re-suspended in NB medium at a concentration of 1.0Â10 5 cells=mL. Cell viability was assessed with trypan blue at the end of transplantation, and typically over 90% of the cells excluded the dye. One microliter of cell suspension was slowly injected over 5 min into the ventral horn, and the micropipette was left in place for 2 min after the injection. The dura was closed with 10-0 sutures, muscle and fascia were reapposed and sutured with 4-0 sutures, and the skin was closed with wound clips. The animals used for Western blot and RT-PCR studies were allowed to survive for 2 weeks. All the remaining animals were allowed to survive for 6 weeks.
Retrograde axonal tracing with FluoroGold (FG)
Three days before the end of the survival period, 0.5 mL of 3% FG was injected into the PN graft at a point 10 mm from the proximal end via a Hamilton syringe with the needle tip sharpened. The injection site was clamped by a microforceps for 1 sec to maximize the number of fibers labeled. Cells in the spinal cord that grew axons into the PN graft were labeled retrogradely with FG.
Tissue processing
At the end of the survival period, the animals were killed with a lethal dose of sodium pentobarbital and perfused intracardially with 0.01 M PBS (pH 7.4), followed by perfusion with 200-300 mL of fixative solution containing 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4). Spinal cords were harvested and post-fixed in fresh fixative solution overnight and subsequently placed in 30% sucrose-0.1 M PB at 48C for 2-3 days. The C7-C8 segments from the animals that received PN grafting and then FG injection were cut into 30-mm cross-sections on a microtome (American Optical Company, Buffalo, NY), mounted on slides, cover-slipped, and examined under a fluorescence microscope to count the FG-positive cells. Only labeled neurons with visible nuclei were counted, and special attention was paid to whether GFPpositive cells were labeled with FG. For the cell migration study, a 2-cm length of the spinal cord centered at the injection site from four animals that received NPC transplantation only was separated and then cut into 30-mm horizontal sections. Five sections per animal that contained the highest number of GFP-positive cells were selected. The distance between the cell located most rostrally and that located mostly caudally from the selected sections was measured under a fluorescence microscope. In order to investigate the differentiation of the grafted NPCs in the ventral horn and the survival of host motoneurons after avulsion, the C7-C8 segments from the animals that received NPC transplantation (n ¼ 8) or NB medium injection (n ¼ 8) without PN grafting were cut into 30-mm cross-sections, collected serially in 0.01 M PBS, and then processed with immunocytochemistry or histochemistry.
Immunocytochemistry
For in vitro experiments, the cultured cells on cover slips were fixed in 4% paraformaldehyde dissolved in 0.1 M PB for 20 min. After several washes with 0.01 M PBS, the cells were processed for immunocytochemistry. For in vivo experiments, tissue sections with clear injection sites were selected for immunostaining. The cultured cells and sections were washed in 0.01 M PBS, blocked in 10% goat serum for 1 h, and incubated with primary antibodies at 48C overnight. Astroglial cells were identified using rabbit anti-GFAP (1:1000, Sigma); oligodendroglial cells were identified with mouse anti-Rip antibody (1:50, a generous gift from Dr. X.M. Xu, Indiana University School of Medicine, Indianapolis, IN); neurons were detected with mouse anti-NeuN (1:200; Chemicon, Temecula, CA) and goat anti-ChAT (1:400) for tissue sections, and mouse anti-bIII-tubulin (1:500, Sigma) for cultured cells; undifferentiated cells were identified using monoclonal antinestin (1:200, Chemicon). Species-specific fluorescence-conjugated secondary antibodies (goat anti-mouse or anti-rabbit) conjugated to Alexa 568 (1:400; Molecular Probes, Eugene, OR) were applied for 2 h at room temperature. Sections and cell slides were then counter-stained with DAPI to stain the nuclei, and cover-slipped with anti-fade mounting media (FluorSave; Calbiochem, San Diego, CA). The images were taken with a laser confocal microscope (LSM510 META; Carl Zeiss Meditec, Jena, Germany). To assess differentiation patterns of transplanted cells, we stained two tissue sections per rat for each cell marker, and then counted the number of GFP-expressing cells co-localized with the cell marker in 10 random fields per section at 40Âmagnification using the confocal microscope. On average, around 50 cells were counted per section. All quantification was performed in an unbiased stereological manner (Karimi-Abdolrezaee et al., 2006) .
Motoneuron counts
To investigate the effects of transplanted NPCs and PN grafting on the survival of injured motoneurons after avulsion, one of every other two cross-sections, 35 sections in total, per animal that received NB medium injection, NPCs transplantation, PN grafting only, or PN grafting plus NPC transplantation, were mounted on gelatin-coated slides and stained with 1% neutral red. The number of surviving motoneurons was counted according to a previously described method Wu, 1993 Wu, , 1996 . Briefly, motoneurons were counted on both sides of the spinal cord. Only those nucleolated profiles apparently belonging to motoneurons were counted to avoid duplication. The number of motoneurons on the intact side would be expressed as 100% of the control value. The number of surviving motoneurons on the lesioned side was described quantitatively as percentages of the normal control number.
ELISA
The supernatant of NPC cultures was collected every 24 h, and ELISA measurements were performed with the Promega NGF, GDNF, BDNF, or NT-3 Emax Immunoassay System per the recommendations of the manufacturer (Promega, Madison, WI). A standard curve of pure NGF, GDNF, BDNF, or NT-3 protein provided in the kit was used to quantify the production of these neurotrophic factors by the NPCs. Fresh culture medium was used as a control.
Western blotting analyses
The P1 NPCs were harvested at 70-80% confluence in culture dishes. In animals with NPC transplantation, tissue samples containing the entire grafting area were dissected under a fluorescent dissecting microscope at 2 weeks postgrafting. Both the cells and tissue samples were lysed in lysis buffer [20 mM Tris HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na 3 VO 4 , 1 mL leupeptin, 1 mL aprotinin, and 1 mM PMSF]. After 30 min of incubation on ice, the lysate was clarified at 14,000Âg for 30 min at 48C. Before sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), the protein concentration of the lysate was determined with a Bio-Rad DC Protein Assay Kit (Bio-Rad, Hercules, CA). A suitable amount of protein was mixed with 6Â protein sample buffer (0.35 M Tris=HCl [pH 6.8], 30% glycerol, 21.4% beta-mercaptoethanol, and 10% SDS) and boiled for 10 min at 958C. The boiled protein was loaded onto an SDS-PAGE gel for electrophoresis, and then transferred to a PVDF membrane (Amersham, NJ). The membrane was then blocked with Blotto (10% non-fat milk ) at room temperature for 1 h, washed with Tris-buffered saline-Tween (TBST; 20 mM Tris HCl, 137 mM NaCl, and 0.1% Tween 20), and Tris-buffered saline (TBS; 20 mM Tris HCl and 137 mM NaCl), and probed with appropriately diluted primary antibody for 1 h at room temperature. Antibodies against NGF (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), GDNF (1:3000; Chemicon), BDNF (1:500; Chemicon), and NT-3 (1:1000; Santa Cruz Biotechnology) were used. b-Actin (1:2000; Santa Cruz Biotechnology) was included as an internal loading control. After washing, the membrane was incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature and washed again with TBST and TBS. Chemiluminescent signals were developed by the ECL Plus Western Blotting Detection System (Amersham) and visualized by exposure to BioMax Light Film (Eastman Kodak, Rochester, NY).
Quantitative real-time PCR for in-vivo measurement of growth factor mRNA expression At 2 weeks after grafting, the animals were killed by decapitation. Tissue samples containing the entire grafting area in NPC transplant animals and injection area in control animals were dissected and immediately frozen on dry ice for determination of in-vivo production of growth factor mRNA. Total RNA was extracted using the TRIzol reagent (Invitrogen) according to the manufacturer's protocol. All samples were treated with Dnase I to remove residual genomic DNA in the RNA preparation. The integrity of the isolated total RNA was confirmed by gel electrophoresis with the presence of discrete 28S and 18S ribosomal RNA bands in each RNA preparation. Two micrograms of total RNA were reverse transcribed to cDNA using the Superscript Ô first strand synthesis system (Invitrogen) and used for RT-PCR according to the manufacturer's protocol. The mRNA expression level of each sample was quantified by QPCR using the iCycler iQ Ô (BioRad) with SYBR Green (Molecular Probes). In brief, 1 mL of cDNA was added to a 24-mL reaction mixture containing 0.5Â SYBR Green, Gibco PCR buffer (Invitrogen), 0.6 mM MgCl 2 , 0.4 mM dNTP, 0.5 mM primer sets, and 0.5 U Gibco Taq Polymerase (Invitrogen). QPCR was performed in triplicate and repeated three times. The primers were designed as previously described (Zhao et al., 2004) 0 -TGT TGC ATT TGC GGG GAC GAT G (reverse). PCR cycling conditions were 958C for 5 min, and 35 cycles of 958C for 30 sec, 608C for 30 sec, and 728C for 40 sec. The specificity of the PCR product was confirmed by 2% agarose gel electrophoresis, revealing a single PCR product with the desired size, and also by melting curve analysis (BioRad). The expression level of mRNA of each sample was internally normalized using b-actin. Expression levels of each trophic factor mRNA between spinal cords with grafted NPCs and control samples were represented as 2 -DDCt , where the DC t represents the difference between the thresholds of each trophic factor mRNA and b-actin. The DDC t represents the difference of DC t between NPC-grafted tissues and control tissues after normalization with b-actin.
Statistics
The differences between the two groups were determined by the two-tailed Student's t-test. Multiple group comparisons were made by one-way ANOVA and Fisher's post-hoc test. Data Are presented as mean AE SEM. Significance levels were set to p < 0.05 for all comparisons.
Results
In vitro characterization of NPCs
With bFGF-supplemented culture medium, the majority of cells showed bipolar or multipolar morphology with small cell bodies and were immunoreactive for nestin, a marker for NPCs (Fig. 1A-C) , confirming that the cells remained at an immature stage. When bFGF was replaced with 1% FBS, the NPCs began to differentiate. At the fifth day of culture with this differentiating medium, around 15.2% of the NPCs differentiated into bIII-tublin-positive neurons (Fig. 1D) , 65.5% into GFAP-positive astrocytes (Fig. 1E) , and 7.5% into Rippositive oligodendrocytes (Fig. 1F ) . There was still a small population of cells with the morphology of undifferentiated cells that were positive for nestin immunoreactivity (data not shown).
The survival, migration, differentiation, and integration of transplanted NPCs in the avulsed ventral horn
The adult spinal cord is a challenging environment for the survival and differentiation of grafted NPCs, especially under injury conditions. Avulsion injury could lead to massive motoneuron death and intense glial recruitment to the ventral horn, which may affect the cellular fate of exogenous NPCs after transplantation. Using cell transplantation therapies to treat neurological disorders requires grafted cells to survive, differentiate, and integrate into the host. At 6 weeks after transplantation, we performed immunohistochemical analyses to examine the survival, differentiation, and integration of the grafted cells in the injured ventral horn. Transplanted NPCs were detected easily based on GFP expression. Both horizontal sections and cross-sections of spinal cords from animals at 6 weeks after cell transplantation following root avulsion showed that the transplanted cells survived robustly in the avulsed ventral horn. The majority of them were found to deposit in the ventral horn ( Fig. 2A and B) , and some of them were also distributed along the injection tract. Most grafted NPCs remained localized to the injection site, migrating for maximal distances of around 1 mm in the grey matter. However, NPCs in the white matter (wm) migrated extensively for long distances (5-10 mm) along the rostralcaudal axis and extended long processes, typically parallel to the longitudinal spinal tracts (Fig. 2A) . We examined the antigenic properties of the grafted NPCs in the avulsed ventral horn using different neural markers. NeuN staining showed that a small proportion of the grafted NPCs (4.6 AE 1.1%) were differentiated into NeuN-positive cells, which were predominantly confined to the injection site in the ventral horn (Fig. 2B and C) . Serial higher-power images of the z-stack demonstrated the co-localization of NeuN and GFP in a grafted cell (Fig. 2D) . These graft-derived neurons were much smaller in size compared to the host surviving motoneurons (Fig. 2B and C) .
Interestingly, the intensity of GFP in NeuN-positive cells was much weaker compared with the NeuN-negative cells (Fig. 2C) . This seems to indicate that grafted NPCs downregulated the GFP expression after differentiation into neuron-like cells. We did not observe any grafted cells expressing ChAT at 6 weeks after transplantation (data not shown). The majority of grafted cells (67.5 AE 8.4%) were differentiated into astrocytes as identified by GFAP immunoreactivity (Fig. 2E) . The vast majority of NPCs were nestinpositive before transplantation (Fig. 1) ; however, no immunoreactivity for nestin was observed in the graft at 6 weeks post-transplantation (data not shown), suggesting that the transplanted NPCs had begun to differentiate in vivo. The capacity of the grafted cells to integrate into the host circuitry was investigated with a presynaptic marker, synaptophysin. In contrast to the lack of immunoreactivity for synaptophysin in the white matter, intense synaptophysin staining was observed in the grey matter, especially in the ventral horn where the graft was located and a much higher expression of synaptophysin was observed (Fig. 3A) . Under higher magnifications, a large number of synaptophysin-positive, GFPnegative boutons were found in close proximity to the somatic and dendritic membranes of transplanted cells, suggesting that host-derived presynaptic terminals contacted the incorporated graft-derived cells (Fig. 3B) . However, more definitive assessments of whether synaptic contacts between the host and the graft take place, and of the nature of the synaptic structures will require electron microscopic investigation in a future study.
Grafted NPCs promote the survival of injured motoneurons at 6 weeks after avulsion
In the control group, only around 12.6 AE 2.8% of motoneurons survived in the ventral horn at 6 weeks after NB medium injection following avulsion (Fig. 4A) , in contrast to the normal side (Fig. 4E) . The number of surviving motoneurons was markedly increased in NPC-transplanted animals, in which around 51.2 AE 8.1% of motoneurons were still present in the avulsed ventral horn at 6 weeks after NPC transplantation ( Fig. 4B and F ; p < 0.001). Implantation of an autologous saphenous nerve also had potent neuroprotective effects, and around 47.7 AE 6.3% of motoneurons survived in the animals with a PN graft (Fig. 4C) . Interestingly, PN grafting plus NPC transplantation did not further increase host motoneuron survival, and around 54.1 AE 10.6% of motoneurons were detected in the animals that received PN grafting plus NPC transplantation (Fig. 4D ). There were no statistically significant differences in the survival rates of motoneurons among the NPC group, the PN-graft group, and the PN-graft-plus-NPC group ( Fig. 4F ; p > 0.05).
Grafted NPCs promote the axonal regeneration of injured motoneurons
Using the PN graft model, we investigated whether grafted cells could grow axons into the PN graft, and whether grafted cells could promote host axonal regeneration of injured motoneurons. The success of PN implantation was confirmed by examining the integration of the nerve with the host spinal cord during harvesting. All PN grafts were found to be firmly connected with the spinal cord and the injection site could be clearly seen under the fluorescence dissecting microscope (Fig. 5A) . Regenerating neurons were retrogradely labeled with FG and no GFP-expressing cells in the ventral horn were found to be FG-positive (Fig. 5B) , indicating that the grafted NPCs failed to grow axons into the PN graft, and the environmental signals of the avulsed ventral horn were insufficient to induce axonal growth of transplanted NPCs into the PN graft. All the FG-positive neurons were GFPnegative, suggesting that these FG-positive neurons were the host's injured motoneurons that regenerated axons into the PN graft (Fig. 5B) . Around 365 AE 32.4 FG-positive cells were present in the C7 ventral horn in NPC-transplanted animals ( Fig. 5B and D) , which is significantly higher than the 182 AE 17.8 FG-positive cells in control animals that received NB medium injection only (Fig. 5C and D) , strongly indicating that grafted NPCs promoted host axonal regeneration into the PN graft.
NPCs naturally secrete trophic factors in vitro and after transplantation into the ventral horn
To explore the potential mechanisms of neuroprotection afforded by grafted NPCs of injured motoneurons, specific ELISAs and Western blotting for NGF, BDNF, GDNF, and NT-3 protein levels and quantitative real-time RT-PCR for gene expression were performed on the NPCs in vitro and after transplantation into the ventral horn. Whereas the ELISAs showed no detectable levels of these growth factors in control culture medium, the supernatant of NPC cultures contained significant quantities of NGF (12.5 AE 3.2 pg=10 6 cells=d), BDNF (25.3 AE 2.7 pg=10 6 cells=d), and GDNF (56.5 AE 6.4 pg=10 6 cells=d), but not NT-3, which was either undetectable or present at an extremely low level (Fig. 6A) . Western blotting of protein samples purified from cultured NPCs also demonstrated the expression pattern of these growth factors, similarly to the ELISA data (Fig. 6B) . To confirm that grafted NPCs constitutively express growth factors in vivo, both protein samples and mRNA samples were purified from spinal cords that received cell grafts or showing that these SP-positive boutons were GFP-negative and were found in close apposition to the somatic and process membranes of transplanted cells (arrowheads) (scale bar ¼ 600 mm in A; 20 mm in B).
NB medium at 2 weeks post-transplantation. Western blotting showed that a significantly higher expression of NGF, GDNF, and BDNF was observed in NPC-grafted animals compared to control animals (Fig. 6B) . Quantitative real-time RT-PCR confirmed that normalized mRNA expression of these growth factors in spinal cords grafted with NPCs was also remarkably higher than that in controls. A fourfold increase in NGF, a 21-fold increase in BDNF, and a 35-fold increase in GDNF were found in the study (Fig. 6C) .
Discussion
Root avulsion of the brachial plexus is a devastating injury that results in massive motoneuron death and paralysis of the corresponding muscle groups. The present study shows for a, b, c, d , and e) Micrographs made under higher magnification of the areas of interest in A, B, C, D, and E, respectively. (F) Survival rates of motoneurons in the animals receiving NPCs, a PN graft, or NPCs plus a PN graft, are significantly higher than those seen in control animals (*p < 0.001). However, there was no statistically significant difference in the survival rates of motoneurons among the NPC-only group, the PN-graft group, and the NPC-plus-PN-graft group (scale bar ¼ 400 mm in A, B, and C; 150 mm in a, b and c).
the first time that spinal cord-derived NPCs, when grafted into the acutely avulsed ventral horn, can significantly increase the survival of injured motoneurons, and promote host axonal regeneration into a PN graft. The results of our study provide evidence that the NPC transplantation strategy may have potential use in treating brachial plexus injury, due to the inherent ability of grafted NPCs to secrete various trophic factors that can modify the unfavorable endogenous environment, increase the survival of host motoneurons, and promote axonal regeneration.
A prerequisite for successful cell transplantation strategies lies in the ability of grafted cells to survive, differentiate, and integrate within the host environment (Dobrossy and Dunnett, 2005; Koliatsos et al., 2008; Kulbatski, et al., 2005) . The adult spinal cord lacks promoting signals or contains inhibitory factors that make it an unfavorable environment for the survival and differentiation of grafted NPCs (Cao et al., 2002; Cao et al., 2001; Chow et al., 2000; Park et al., 2002) . One of encouraging results of this study was that grafted NPCs survived well and integrated nicely within the acutely avulsed ventral horn, which provides evidence that the cell transplantation strategy for treatment of brachial plexus injury may be a feasible clinical approach. The grafting of NPCs to specific regions of the nervous system has previously been reported to induce differentiation of cellular lineages appropriate to the environment in which they are placed (Brustle et al., 1997; Synder et al., 1997; Suhonen et al., 1996) . However, in our present study, only a small proportion of grafted cells differentiated into NeuN-positive cells, with a small soma size compared to the host motoneurons after transplantation into the avulsed ventral horn. No grafted cell-derived ChATpositive neurons were observed in the avulsed ventral horn, indicating that the endogenous environment of the avulsed ventral horn is not appropriate to induce exogenous NPCs to differentiate into region-specific neurons. The majority of grafted cells differentiated into GFAP-positive cells in the injured ventral horn, which is in agreement with results of previous studies showing the lack of neurogenesis by grafted NPCs when they were transplanted into the injured spinal cord (Cao et al., 2001; Onifer et al., 1997; Vroemen et al., 2003) . Glial activation, inflammation, and extensive degeneration of motoneurons in the ventral horn after avulsion may create an unfavorable environment in the spinal cord, and further limit neuronal differentiation of grafted NPCs.
The failure of NPCs to differentiate into motoneurons after transplantation into the acutely injured ventral horn, however, did not compromise their ability to promote the survival and axonal regeneration of the host's injured motoneurons. Root avulsion of the brachial plexus leads to dramatic spinal motoneuron death, in both neonatal and adult rats (Chan et al., 2001; Wu, 1993; Wu et al., 1994b ). The precise mechanism for motoneuron death after axonal injury remains unknown. However, deprivation of neurotrophic support is thought to play a key role in inducing axotomized spinal cord motoneuron death, since exogenous application of neurotrophic factors such as GDNF (Blits et al., 2004; Li et al., 1995; Natsume et al., 2002; Watabe et al., 2000; Wu et al., 2003; Yuan et al., 2000) , BDNF (Chai et al., 1999; Kishino et al., 1997; Novikov et al., 1995) , or both, can prevent motoneuron loss. The present study showed that spinal cord-derived NPCs, when grafted into the acutely avulsed ventral horn of adult rats, markedly increased the survival of injured cervical motoneurons compared to controls.
Previous studies have reported that NPCs possess the ability to constitutively produce trophic factors both in vitro and after transplantation in vivo (Kerr et al., 2003; Llado et al., 2004; Lu et al., 2003; Ourednik et al., 2002; Xu et al., 2006) . In this study, we performed a partial analysis of the production of trophic factors by NPCs, emphasizing the evaluation of the levels of expression of BDNF, GDNF, NGF, and NT-3. BDNF and GDNF are potent factors for survival and axonal elongation of motoneurons (Henderson et al., 1994; Koliatsos et al., 1993; Oppenheim et al., 1995; Sendtner et al., 1992; Yan et al., 1995) . NGF, a typical neurotrophin, can induce outgrowth of sensory, motor, and noradrenergic neurites after adult spinal cord injury (Tuszynski et al., 1996) . NT-3 shows potent neuroprotective effects on cultured motoneurons (Henderson et al., 1993; Wong et al., 1993) , and delivery of NT-3 by genetically modified cells can promote corticospinal axon growth around the graft and lesion site through spared host grey matter (Grill et al., 1997) . Our results showed that spinal cord-derived NPCs produced high levels of NGF, BDNF, and GDNF, both in vitro and after transplantation in vivo,
FIG. 6. (A)
In-vitro specific ELISAs of the supernatant of NPC cultures for NGF, BDNF, GDNF, and NT-3. These results represent the mean values of three independent assays. (B, left panel) Protein samples were run in duplicate to show expression of the NGF, BDNF, GDNF, and NT-3 secreted by NPCs in vitro as assessed by Western blotting. Consistent with the results of the ELISAs, higher levels of NGF, GDNF, and BDNF were detected. NT-3 was found at a lower level. (B, right panel) Higher levels of protein expression of NGF, BDNF, and GDNF were detected in vivo in spinal cords with grafted NPCs (n ¼ 3) compared to controls (n ¼ 3), while NT-3 expression was no different between the two groups. (C) Quantitative real-time RT-PCR demonstrated higher levels of expression of NGF, BDNF, and GDNF mRNA in spinal cords with grafted NPCs (n ¼ 3), compared to controls (n ¼ 3), whereas NT-3 mRNA expression was no different between the two groups.
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suggesting that the beneficial effects of grafted NPCs on the avulsion-injured motoneurons may be via delivery of neurotrophic factors to the adjacent avulsed host motoneurons. In previous studies, some researchers have reported that PN implantation can protect injured motoneurons from degeneration, possibly by providing target-or Schwann cell-derived neurotrophic factors (Carlstedt et al., 1997a,b; Wu et al., 1994a) .
Findings of the present study also demonstrated that implantation of an autologous saphenous nerve had as potent a neuroprotective role as did grafted cells in the host. It is of interest to note that no synergistic effects on motoneuron survival were seen in animals that received both PN grafting and NPC transplantation. PN grafting plus NPC transplantation did not further increase host motoneuron survival, suggesting some overlap in the trophic effects of PN grafts and grafted NPCs. NPCs have also been shown to have the potential to express a wide spectrum of favorable molecules besides neurotrophic factors, such as IGF-1, VEGF (Corti et al., 2007) , and the glycoprotein laminin (Yan et al., 2004) . One of potential uses of stem cells to treat neurological disease lies in their ability to deliver these trophic molecules, which provide a trophic environment for host neuron survival and regeneration, synaptic plasticity, and functional recovery. Transplantation of NPCs would be beneficial in treating neurological disorders by constitutively secreting various trophic factors in vivo, even though the majority of them have been differentiated. In our study, the majority of grafted NPCs differentiated into GFAP-positive astrocytes. Astrocytes at earlier stages can modulate the injured environment (Olby and Blakemore, 1996) , and can promote axonal regeneration (Smith and Silver, 1988) . In a traumatically spinal cord-injured model, NSC grafting improved motor recovery (Pallini et al., 2005) . In their study, although differentiation of the engrafted NSCs was restricted exclusively to the astrocytic phenotype, the NSC-derived astrocytes showed features that are typical of the early phase, and these cells might support neurite outgrowth by host neurons. A recent study has also demonstrated that astrocytes or astrocyte-conditioned media increase the long-term survival of differentiated neural stem cells, particularly cholinergic neurons ( Jordan et al., 2008) . In the present study, we also speculate that transplanted NPCs, as well as the differentiated astrocytes, are beneficial for the survival of NeuN-positive neuronal cells. On the other hand, however, transplanted cells also showed an ability to promote axonal regeneration of host injured motoneurons into a PN graft. Such a beneficial effect may be attributable to the increased survival rate or the enhanced regenerating ability of injured host motoneurons caused by the grafted NPCs. We did not evaluate the functional outcome due to the relatively short time period used in this study. However, investigations of functional recovery are warranted in order to fully examine the benefits of this type of cell transplantation strategy. Long-term effects of NPC transplantation on neuronal survival, regeneration, and functional recovery after brachial plexus injury will be investigated in a future study we intend to carry out. Root avulsion of the brachial plexus is a devastating injury that results in massive motoneuron death and de-innervation of targeted muscles. Using cell transplantation strategies to treat brachial plexus injury may be one of the most challenging tasks, because it requires the transplanted cells not only to generate motoneurons and be recognized and connected with host neurons, but they also need to extend axons toward and form neuromuscular junctions with target muscles. The results of the present study showed that very few transplanted NPCs in the ventral horn were able to differentiate into neuronal cells, and none of them was observed to grow axons into the PN graft. The lack of axonal outgrowth and motoneuron generation by grafted NPCs may be caused by the relatively short time period we used in this study, or may be due to the fact that the host milieu of the avulsed ventral horn lacks signals that are favorable for neuronal differentiation, especially motoneuron differentiation. In a previous study it was reported that grafted human neural stem cells were unable to differentiate into cholinergic neurons after transplantation into the ventral horn in an animal model of chronic motoneuron deficiency induced by neonatal sciatic axotomy, whereas human neural stem cells, if primed to become motoneurons before transplantation, could survive and send axons that pass through the ventral root and sciatic nerve to form neuromuscular junctions with their peripheral muscle targets (Gao et al., 2005) . In another study, when the phosphodiesterase type 4 inhibitor rolipram and dibutyryl cyclic adenosine monophosphate were administered to overcome myelin-mediated repulsion and GDNF was provided within the sciatic nerve to attract transplanted cell-derived axons, significantly more axons were found to extend into the ventral roots and muscle targets, neuromuscular junctions were formed, and the animals partially recovered from the paralysis (Deshpande et al., 2006) . These studies all support the possibility that the injured spinal cord is not an environment appropriate for the induction of exogenous stem cells to differentiate into motoneurons, and additional manipulations such as using primed neural stem cells instead of unprimed neural stem cells or pharmacological induction may be necessary to create successful cell transplantation strategies to treat motoneuron diseases. Therefore, by utilizing the appropriate cell types, modifying the unfriendly endogenous environment, and by using some kind of pharmacological agent, may result in successful cell transplantation strategies for the treatment of motoneuron diseases in the near future.
In summary, the results of the present study show that grafted NPCs survive and integrate nicely into the host's ventral horn. Grafted NPCs in the avulsed ventral horn significantly enhanced the survival of injured motoneurons and promoted their regeneration. These results indicate that NPCs have beneficial effects on the survival and axonal regeneration of avulsion-injured motoneurons after transplantation, and such beneficial effects may be due to their inherent ability to secrete various trophic factors after transplantation in vivo.
